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ABSTRACT: One of several key elements of the Project Integration Architecture (PIA) is the formulation of parameter
objects which convey meaningful semantic information. The infusion of measurement dimensionality into such objectsis
an important part of that effort since it promises to automate the conversion of units between cooperating applications
and, thereby, eliminate the mistakes that have occassionally beset other systems of information transport. This paper
discusses the conceptualization of dimensionality developed as a result of that effort.

1 Introduction

The analysisof the whole of an engineeringsystemfre-
guently involves a numberof cooperatinganalysesgach
focusingon a particulardiscipline of analysisrelevant to
the whole. As discussedn [1], one effort of the Project
Integration Architecture(PIA) [2] hasbeento defineand
developsemanticallyneaningfulparametepbjectssothat
the natureof theinformationprovidedby a parametemay
be usefully determinedby automatedexaminationof the
objectencapsulatinghat parameterBy sodoing, it is ex-
pectedthatthe cooperatinganalysesnay effectively trans-
fer informationby theinspectionof eachothers parameter
objects.

The parameter®f analysesare often dimensionalin na-
ture. For instancethe spanof aturbinebladeis givenasso
mary inchesor thethrustof arocketassomary Newtons.
Therecognitionandencapsulationf thisdimensionalityis
consideredh key stepin the proces®f semantiqparameter
definitionandimplementation.

Dimensionalityinvolvestwo elementsthe form of the di-
mension(length,massvelocity, andthelike) andthe sys-

tem of measurementvithin which the a value is stated
(force as statedin English poundsas opposedto metric

Newtons). Information characterizinghesetwo aspects
may be combinedto provide a correctinterpretation(in so

farasanumericvalueis concernedpf ary givenvalue.

The original implementatiorof thesetwo conceptdor the
PIA effort wassimple andstraightforward: a codevalue
was recordedspecifyingthe systemof measuremenand
the objectkind mechanisnidentifiedthe form of measure-
ment. For example,a scalarlength objectexisted andit,
wheninterrogated wouldyield thecodenumberof thesys-
tem of measuremenyithin which its value wasrelevant.
This simple approachproved satisactory for simple in-
spectiorandtransferf theencapsulatemhformation;how-
ever, thelogical extensionof objectsbaseduponthis foun-
dationdemonstratedn operationaproblemwhich proved
this simpleformulationlessthancompletelysatisactory

2 Particularsof the Problem

ThePIA implementatiordevelopeda serieof dimensional
objectscapturingdimensionalform and systemof mea-



surementssimpleconceptsThus,a seriesof scalayvec-
tor, and matrix forms for length, mass,velocity, andthe
like were developed. Eachsuchobjectkind would yield
a codevalueindicatingthe systemof measuremenwithin
whichits encapsulatedalueexisted. Codesfor metricand
English systemswere defined. Further eachobjectkind
would identify a sharedtable of cornversionfactorsappro-
priateto thatkind. Thus,lengthobjectsidentifieda table
of corversionfactorsfor length, massobjectsa table for
massesandsoon.

This setof developedobjectswasthenusedasthefounda-
tion for afurtherseriesof objectsencapsulatingheseman-
tics of geometryasobtainedfrom typical ComputerAided
Design (CAD) systems. As such, this geometricobject
setfocusedargely on points(in three-dimensionapace),
collectionsof points,vectors(again, in three-dimensional
space),groupingsof points into triangles, groupingsof
trianglesinto face tesselationsand the like. The vari-
ouslengthobjectforms provided a very naturalbaseupon
which to build thesegeometricentitiesand, to this point,
all provedwell.

One of the needsthat aroseas work progressedvas to
extract cross-sectionadreafrom the geometricentity de-
scribedby the aggreation of data. (In fact, the focused
actiity involved an air-breathingpropulsionsysteminlet
which was not axi-symmetric. The inlet systemwas, of
course,to be analyzedby a one-dimensionatodewhich,
naturally presumedaxi-symmetryin computingits flow
areavaluesfrom centerbodyandcowl radii.) Having just
formulatedvectors,unit vectors,unit surfacenormals,and
thelike for the purpose®f defininggeometriccharacteris-
tics, it seemedery naturalto usetheseoolsin thesolution
of the cross-sectionarearequirement.

2.1 TheTrain Wreck

The definition of geometricplanesand the computation
of intersectionawith suchplanes(aswell as mary other
tasks)is well suitedto vectormanipulations.Crossprod-

ucts (outer products),dot products(inner products),vec-

tor differencesand othersuchmanipulationscan quickly

solve suchproblemsaslocatingthe point at which a given

line sgmentintersectsa definedplanein space.

But it waswith thesevery vectorcalculationghattheinad-
equag of thedimensionaformulationwasfound. A cross
productof two lengthvectorsyieldsnotavectorwith units
of length, but a vectorwith units of area. A further cross
productof thatresultwith a third lengthvectornow yields
avectorwith unitsof volume.Similarly, dotproductsyield

areasnotlengths.

Thefirst glaringdifficulty wasthatthe dimensionabbjects
wereinflexible. A lengthobjectexplicitly declaredtselfto
bein unitsof length;feet, meterswhathave you. It could
not accountfor a crossproductbeingin units of length
squared. Clearly, the crossproductof two length vector
objectscould not be encapsulateih a third lengthvector
objectbecauséts unitswould not match.

The next logical stepwas to find someobject kind that
could encapsulatehe crossproductof two length vector
objects. Sincethe units of the resultwerelengthsquared,
the eye first castits attentionuponthe areavector object
form. Regretably thatpropositiondid notlastlong.

The first difficulty with encapsulatinga crossproductof
lengthsinto anareaobjectwasthe simplequestiorregard-
ing the precisenatureof avectorof areasA crossproduct
of two lengthvectorsdoesindeedhave aninterpretatioras
avectorializedarea(thatis, asa singleareahaving magni-
tudeanddirection);however, if sucharesultwereencapsu-
latedinto anareaobject,it would beindistinguishablérom
avectorhaving threeareacomponentsOneof thetenants
of semanticallymeaningfulobjectderiationis thattheen-
capsulatednformationshouldmake senseput a vectorof
areasdoesnot male suchsenseunlessthe further leap of
logical rearrangementrom vector of areasto vectorized
areais made.

The next difficulty wasto identify the logical extensionof

the areaobjectanswerwhen a secondcrossproductwas
to be taken with the resultsof a previous crossproduct
operation. Now the units of the resultwould be length
cubedwhich would no longerfit in an areaobject. Ob-
jectswith volume dimensionalityexisted, but a vector of

volumesmalesevenlesssensehana vectorof areasFur-

ther, the volumeobjectanswerdemonstratethe difficulty

of extensiontherewasnolength-dimensiondbrm beyond
volume,soa furthercrossproductof crossproductsvould
requireinventioninto thegreatbeyond.

Anotherproblemwaswhatto do with a unit vectorobject,
anaccomodatingpecializatiorof the vectorobjectwhich
corvenientlynormalizestself. If it residedn alengthvec-
tor object,it would convertits valuesbetweemeasurement
systemsOddly, aunit vectoronefootlongin Englishunits
would be aboutonethird of a meterlong in metric units.
This behaior seemedntitheticalto the definednatureof
theobjectandwasconsideredhot atall satishctory

As if theseproblemswere not enough,operationalprob-
lems existed. Code which constructeda cross product
would have to know or determinethe kind of objectin



which to encapsulat¢he result. It would have to look at
the crossproductof two lengthvectorsand know to pro-
ducean areavector Not only would it have to know to
produceanareavector but it would furtherhave to have a
methodto determinewvhatkind of objecthaving areachar
acteristicg(sincethe basicareaobjectkind is, again, only
a baseuponwhich further derivationis to occur)wasthe
correctkind of object.

Beyondthis, assuminga schemdor identifyingthe encap-
sulatingobjectkind could be devised, the next difficutly
wasto keepthe ability to form a crossproductassociated
with theresultsof thataction. A crossproductfunctionality
wasa very naturaladditionto a lengthvectorobiject,but it
seemsanunnaturakbility for objectsof area,volume,and
beyond. It is, further, seeminglyunnaturako make a cross
productfunctionalitythatacceptsaareasandvolumesasits
input. While suchcanbecoded,jt seemsavery oddthing.

While thrashingaboutwith all of this, yetanothemuestion
cameup: whatwasto happernwhenonewantedto divide a
lengthby atime andcomeup with avelocity? Again, there
would bea searcHor anobject.But whatobject?

All in all, thesituationwasbeginningto look verymuddled,
indeed.Not at all the sortof thing onewishesto let loose
uponanunsuspectingvorld.

3 Solution: Savethe Train, Wreck the Brain

Facedwith the difficulties describedn the precedingsec-
tion, the needfor a distinctreconsideratiorof the formu-
lation of dimensionalitywasclear The key wasfoundin
the needto keepsuchfunctionality in this casethe abil-
ity to computea crossproduct,associatedvith the results
of the operation. A crossproductof two vectorsis still a
vectorwhich oftenis involvedin furthercrossproductop-
erationgor dotproductspr vectormagnitudesetc.). Thus,
it wasrealizedthata crossproductwasmostappropriately
encapsulateth alengthvectorobjectwherethe function-
ality to computecrossproductsandothervectoroperations
resided.

Given this new choice,it wasthenapparenthat a length
object could not be inflexibily declaredto be in units of

length. This seemedo provide oneof two choices:either
dimensionalitycould not be meaningfullyencapsulateth

objectsor the meaningof dimensionalityhadto be altered
into amoreflexible formulation. Sincethefirst choicewas
antitheticalto the presumption®f the project, it was de-
terminedthatdimensionalitywould take ona moreflexible

form.

3.1 Flexibility Through Separation

The desireddimensionalflexibility wasfoundin a simple
separationDimensionalitywasseparatehto two compo-
nents:a characteristiandanapplication.The characteris-
tic is themixing of fundamentatlimensionaklementsnto
a compositedimensionaform. For instancethe charac-
teristic of velocity is lengthdivided by time. The applica-
tion is the extentto which that characteristiés appliedin
a particularinstanceof the dimensionality In the caseof
the crossproductof two lengthvectors,the characteristic
remainslengthwhile the applicationof that characteristic
doublesfrom oneto two.

This new view of dimensionalityleadsto the someavhat
mind-bending(if not altogethemind-breaking)view that
a length object, while being fundamentallya length ob-
ject,maybe,in fact,measuredn lengthsquaredr length
cubed,or whatever. It alsoleadsto the questionasto just
how lengthsquareds differentfrom areatheanswetbeing
ratherenigmaticallythatlengthsquareds not entirely the
samething assquaredength.

Despitethis initial difficulty of conceptionfollowing the
fingersacrossghe keyboardfor awhile doesdemonstrata
certainrationalityto theidea.Consideffirst the caseof the
troublesomaunit vector It achiezesunity by obtainingits
magnitude(the squareroot of the sumof the squarespand
dividing eachelementby thatvalue. Now, without regard
to whetherthe vectorwas originally measuredn units of
lengthor lengthsquaredr lengthto thearything else, it is
quite obviousthatthe normalizationoperationreduceghe
vectorto units of lengthto the zeropower. Thatis, a unit
vector hasthe characteristiof length, but an application
of thatcharacteristiof zero. This, in turn, makesthe unit
vectornon-dimensionaénd,asa further consequencen-
variantbetweersystemsf measurementNow, suddenly
the unit vectorhasa magnitudeof unity without regard to
the systemof measuremenh which it is viewed. It will
be onemeterlong in metricandonefoot long in English.
Curiously thevery propertythatwaslackingbefore.

3.2 Dimensional Recombination

Asillustratedabove, therulesof mathematicatombination
for valuesof dimensionahaturearethosecommonlyun-
derstoodn corventionalmanipulationsAddition andsub-
tractionmay only be performedbetweenvaluesin which
theaggreateof dimensionatharacteristiandapplication
areidentical, sometimegeferredto within the PIA ervi-

ronmentasaggregatedimensionatongruence.



Multiplication anddivision canbe performedbetweendi-
mensionafuantitiesof any form andresultsin acomputed
dimensionalityin which the power of applicationis, per
force, unity. In orderto assurehatthe dimensionakesult
is neithercorruptechorinappropriatelyencapsulatedhese
operationsarecurrentlyimplementedo placetheresultin
dimensionallypolymorphousbaseclassobjects. Usually
theseobjectsaretreatedastemporariesandtheir contents
assignedo objectsof the correctdimensionakemantics.

3.3 Encapsulation of Results

Theproblemof encapsulating resultof computeddimen-
sionality is solved by a minor jog in assignmeniproto-
cols. Therearetwo phase®f mixed-dimensionatompu-
tationalresultencapsulationcaptureandassignmentThat
is, whenonewritesthe statementi = b * ¢, therearetwo
acts: capturingtheresultof b * ¢ andthenassigningthat
resultto a.

Thefirst act, resultcapture needsonly to presere there-
sultvalueandits dimensionalitycorrectly As statedaborve,
thoseoperationgesultingin suchcomputeddimensional-
ity placetheir resultsin dimensionallypolymorphoudase
classobjectsof the correctstructuralkind. The baseform,
while notknowing of thevariousderiveddimensionathar
acteristicsstill understandgully thenatureandimplemen-
tation of computabledimensionalityand, thus, is entirely
suitablefor the temporarycaptureof a computedmixed-
dimensionalityresult.

The secondact, that of assignmentis half solved by the
actof coding. Typically, the natureof theexpectedresultis
known: onedividesalengthby atime expectingavelocity.

The programmerin writing a = b / ¢, will thusmalke a a
velocity object. The difficulty arisesin thatnormalobject
assignmenprotocol(at leastasthe PIA projectdefinesit)

requiresassignmento anobjectto befrom anobjectof the
destinatiorobjectskind. While avelocitymaybeakind of
dimensionabbject,a base-classlimensionabbjectis not
a kind of velocity and, thus,normalprotocolsprohibit the
assignmenfrom atemporarydimensionabaseobject.

The solutionto this problemis, of course quite clear: the
objectkind restrictionin assignmenis relaxedin the case
of dimensionalobjects. This is implementedhroughan
override of the inheritedassignmenpermissionfunction
and assignmenfrom a baseclassto a derived classbe-
comespossible. In doing this, though,all sheetsare not
simply castto thewind. First, the sourceobjectis required
to be a dimensionalobject of the samestructuralnature.
Thatis, avectormustbethesourceof avectorassignment,

ascalarthe sourceof a scalarassignmentandsoon.

Beyond the basicassignmentequirementsthe following
casesare thentreated. Note that the first casetreatsall
assignment$o a dimensionallypolymorphousaseclass.
Thus,the othercasesareall understoodo be assignments
to derived classesvhosedimensionakharacteristids es-
tablished.

1. Assignmento a dimensionabaseclassfrom ary di-
mensionalclassis always allowed. In this case,the
dimensionalityof the sourceobjectis copiedwithout
adjustmentesultingin puredimensionatongruence.

2. If the assignments from a dimensionallypolymor
phousbhaseclassandthe dimensionalityof the source
is similarin its dimensionatharacteristicthe assign-
mentis allowed. The dimensionalbower of applica-
tion of the tamget objectis adjustedas necessaryo
bring the sourceandtarget objectsinto aggreate di-
mensionaktongruence.

The similarity of the dimensionakharacteristigs es-
tablishedhroughcomputatiorwith ananticipationof
applicationadjustment. For example, a characteris-
tic of length squaredwith an applicationof unity is
consideredsimilar to a characteristiof length with
anapplicationof two andwill allow assignmento go
forward.

3. If theassignmenis from adimensionabbject,theas-
signmentis allowed if the sourceandtargetarecon-
gruentin their dimensionatharacteristicsAgain, the
dimensionabower of applicationof the target object
is adjustedasnecessaryo bring the sourceandtarget
objectsinto aggrgjatedimensionatongruence.

Thedifferencebetweerthesecondandthird casess nearly
invisible in this description;however, the differencedoes
existin implementationAs notedin thesecondase simi-

larity is establishedby computatiorwith ananticipationof

applicationadjustmentAs with similarasopposedo con-
gruenttriangles the computatiorestablisheshatthe basic
shapeof the dimensionakharacteristicés the same. This

allows the computeddimensionalityof a temporaryresult
(suchasproducedy the essentiamultiplicationoperation
of a vectorcrossproduct)in which all the dimensionality
hasbeenplacedin the characteristi¢while the application
hasbeensetto unity) to be assignedackto its nominal
classthroughan adjustmenbf the applicationfactor (An

adjustmento the sourcedimensionakharacteristigs im-

plied by this, but is not actually carriedout sincethe as-
signmentoperationonly amendthe contentsof the taiget
operand.Whatdoesin facthappenis thatthe application



factorplacedin thetamgetobjectis thatwhich would have
resultechadthe sourcebeenadjustedo obtaincongruence
of its dimensionatharacteristic.)

4 Summary

Theconceptualizationf dimensionalityandtheencapsula-
tion of thosedevelopedconceptsnto dimensionally-avare
objectshasbeendiscussedTheactualoperationsnvolved
are far from revolutionary Dimensionalcorversionsand
manipulation$ave long beenwell knowvn andunderstood.
On the otherhand,the infusion of thesesimpleoperations
into the automatiorof objectprogrammingat this junction
appeargo be a usefulstepforward. Whenthe PIA effort
is migratedto net-accessibldistributed-objectechnology
(aneffort thatis currentlyunderway), it will be possibleto
accesapplicationinformationwith the confidencehatthe
dimensionahatureandintegrity of thatinformationwill be
automaticallypreseredandaccounted.
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